INTRODUCTION
H202 is formed as a result of incomplete reduction of 02 and may be removed by catalase in a dismutation reaction or by peroxidase in a process of reduction to water. In a study of the catalase-negative microaerobe Campylobacter mucosalis we showed that H202, formed in substantial amounts during respiration, was removed by a cytochrome c peroxidase that receives electrons from a small basic monohaem Class I cytochrome c-553 (Goodhew et al., 1988) . On the basis of Wood's (1983) proposal that c-type cytochromes are periplasmic in location, we proposed that the peroxidase must also be periplasmic. Spheroplast formation, which allows release of periplasmic components from Gram-negative bacteria while maintaining cytoplasmic integrity (Ferguson, 1988) , would be a direct method for confirming this proposal, but C. mucosalis proved to be fragile under conditions of spheroplast formation.
In some other bacteria there is an apparent duplication of mechanisms for H202 removal in that they have cytochrome c peroxidase and are catalase-positive. One possibility is that these enzymes function in the periplasm and cytoplasm respectively. On the basis of a survey of a selection of Gram-negative bacteria (I. Wilson, unpublished work), we chose two organisms, Pseudomonas stutzeri strain 9721 and Paracoccus denitrificans strain LMD 52.44, that contained both catalase and cytochrome c peroxidase activities and also were amenable to spheroplast analysis.
The two best-studied cytochrome c peroxidases are from Pseudomonas aeruginosa and Saccharomyces cerevisiae. The former is a dihaem c-type cytochrome of Mr 33690 (302 amino acid residues) (R6nnberg et al., 1989) . One haem is high potential and acts as an electron-accepting pole of the molecule, and the other is the peroxidatic centre (Ronnberg & Ellfolk, 1979; Ronnberg et al., 1980; Pettigrew & Moore, 1987) . The enzyme is therefore very different in prosthetic structure from that of S. cerevisiae, which contains a single non-covalently bound protohaem IX in a polypeptide of Mr 33419 (293 amino acid residues) (Takio et al., 1980) . The S. cerevisiae enzyme showXs a strong preference for basic cytochrome c donors, whereas the Ps. aeruginosa enzyme reacts best with the acidic cytochromes c-551.
MATERIALS AND METHODS

Growth of cells
Pseudomonas stutzeri 9721 (N.C.I.B. 9721) was grown aerobically in a medium containing trisodium citrate (5 g/l), KH2PO4
(1 g/l), MgSO4 (0.5 g/l) and yeast extract (4 g/l) adjusted to pH 7 with NaOH at 30°C in 1-litre flasks on an orbital shaker. Cells were collected at A600 1.5-1.9 in an Alfa-Laval centrifuge, were washed once with 10 vol. of 10 mM-sodium phosphate buffer, pH 7, and were resuspended at 0.5 g wet wt. of cells/ml in the same buffer.
Pardcoccus denitrificans (A.T.C.C. 19367, N.C.I.B. 8944, L.M.D. 52.44) was grown aerobically in a medium containing sodium succinate (13.5 g/l), KH2PO4 (4 g/l), K2HPO4 (6 g/l), MgSO4 (0.2 g/l), CaCl2 (0.04 g/l), sodium molybdate (0.15 g/l), MnSO4 (0.001 g/l), NH4Cl (1.6 g/1). FeSO4,7H20 (0.005 g/l) was added from a stock solution (1.1 g/l in 5 mM-citric acid). The medium (10 litres) was sparged with air (2 litres/min) in a New Brunswick Microfermenter and cells were harvested, washed and resuspended as described above. Higher aeration gave smaller yields of cytochrome c peroxidase.
Formation of spheroplasts
The formation of spheroplasts is described in the legend to Fig. 1 .
Isocitrate dehydrogenase assay
Isocitrate dehydrogenase (EC 1.1.1.42) was determined by the method of Bernt & Bergmeyer (1974 (SWI and SW2) of the latter were subjected to SDS/PAGE (15 % polyacrylamide) according to the procedure of Laemmli (1970) . Spheroplasts of Ps. stutzeri were formed as described by Hunter et al. (1989) , based on the method of Wood (1978 (Pettigrew & Moore, 1987) .
Catalase assay Catalase (EC 1.11.1.6) was determined by the method of Rorth & Jensen (1967 Cytochrome c peroxidase activity of spheroplast fractions Cytochrome c peroxidase activity was measured by the decline in the absorbance at the a-band of ferrocytochrome c on addition of a cell extract and H202' Ferrocytochromes c were prepared by reduction in 1 mM-sodium ascorbate and removal of excess reductant by passage through Sephadex G-25 equilibrated in 10 mM-sodium phosphate buffer, pH 7, containing 1 mM-EDTA.
The assay mixture contained approx. 5 puM-ferrocytochrome c, 17 ItM-H202, 10 mM-sodium phosphate buffer, pH 7, and 1 mM-EDTA. Horse cytochrome c was used as the donor in the assay of Pa. denitrificans extracts, and Ps. aeruginosa cytochrome c-55 1 in the assay of Ps. stutzeri extracts.
Purification of cytochrome c peroxidases
The cytochrome c peroxidase of S. cerevisiae was isolated as described by Pettigrew & Seilman (1982) ; that from Ps. aeruginosa was obtained by using the procedure of Foote et al. (1983) and had a final purity index (A408/A280 ratio) of 4.2. The Pa. denitrificans enzyme was purified from the periplasmic extract of 12 g of cells by ion-exchange chromatography on DEAEcellulose as described in the legend to Fig. 2 . This and further steps were carried out at 4 'C. Fractions containing the peroxidase were pooled and applied to a hydroxyapatite column (8 cm x 2 cm) and the bound material was eluted with a linear gradient (600 ml) of sodium phosphate buffer, pH 7, from 1 mm to 100 mm. Fractions containing the cytochrome c peroxidase were diluted with water to a concentration of 5 mM-sodium phosphate, re-adsorbed on a DEAE-cellulose column (1 cm x 2 cm) and eluted with 10 mM-Tris/HCI buffer, pH 8, containing 500 mM-NaCl. Molecular exclusion chromatography was carried out on this solution on a column (82 cm x 2.5 cm) of Sephadex G-75-40 equilibrated in 20 mM-Tris/HCl buffer, pH 8, containing 100 mM-NaCl. The final product had a purity index (A409/A280 ratio) of 4.5. of cells) prepared as described in the legend to Fig. 1 was passed directly through a DEAEcellulose column (8 cm x 2 cm) equilibrated in 10 mM-Tris/HCl buffer, pH 8. The adsorbed proteins were eluted with a linear salt gradient of 600 ml from 10 mM-Tris/HCI buffer, pH 8, to 10 mM-Tris/HCl buffer containing 400 mM-NaCl. Cytochromes were eluted at 190 mM-NaCl (cytochrome c-550), 240 mM-NaCl (cytochrome c') and 300 mM-NaCl (cytochrome c peroxidase, CCP). oxidase. On the basis of the gel scans of Fig. 1(b) , it is probable that a portion of the cytochrome c peroxidase remains attached to the membrane. denitrificans cytochrome c peroxidase. The oxidised form (Ox.) was the untreated sample in 0.1 M-sodium phosphate buffer, pH 7. The reduced form (Red.) was obtained by addition of a few grains of Na2S204. The ordinate axis is the absorption coefficient on a per haem basis, the haem concentration being determined by the pyridine haemochrome method (Falk, 1964) .
Cellular locations of the c-type cytochromes Periplasmic, cytoplasmic and membrane fractions (and, in the case of Pa. denitrificans, also spheroplast washes) were subjected to SDS/PAGE and stained for tetramethylbenzidine peroxidase activity (Thomas et al., 1976; Goodhew et aL., 1986) . This method detects haem groups that are covalently bound to protein and therefore remain attached in denaturing conditions. Some residual retention or transfer of non-covalently bound haem can occur with the b-type cytochromes, but in the periplasmic fractions, which are the main concern of the present paper and in which no non-covalent haem is present ( Fig. la, P Fig. l(a) and are a cytochrome c-551 (Mr 8000), cytochrome c5 (Mr 11000) and a cytochrome c peroxidase (Mr 36000). These identifications were based on Mr values and on absorption spectra after separation by ionexchange chromatography on DEAE-cellulose and molecularexclusion chromatography on Sephadex G-75 (results not shown). Almost all the cytochrome c-551 (960% on the basis of relative intensity of haem staining) appears in the periplasm. Most of the cytochrome c5 (65 %) is periplasmic, but there is some present in the cytoplasmic fraction. A similar result was observed with the 224-strain of Ps. stutzeri (Hunter et al., 1989) and was explained by the release ofmembrane-bound cytochrome C5 during spheroplast lysis. Almost all the cytochrome c peroxidase is periplasmic. The largest membrane cytochrome c (Mr 33000) is distinct in electrophoretic mobility and only 3 % cytochrome c peroxidase activity was found in the membranes.
The separation of the c-type cytochromes of Pa. denitrificans by SDS/PAGE (Fig. Ib) shows the presence ofthree cytochromes in the periplasm, which were identified after purification as described below. The cytochrome c' (Mr 12000) and the cytochrome c-550 (Mr 15000) are solely periplasmic. In contrast, the cytochrome c peroxidase (Mr 42000) seems to be partly membrane-attached. Washing the spheroplasts releases further small amounts of the peroxidase, but about 180% remains associated with the membrane as judged by the relative intensity of haem staining (Fig. Ib) . Also a proportion (about 15%) appears in the cytoplasmic fraction.
Purification of cytochrome c peroxidase of Pa. denitrificans Ion-exchange chromatography on DEAE-cellulose fully resolved cytochrome c-550, cytochrome c' and cytochrome c peroxidase ofPa. denitrificans (Fig. 2a) . The first ofthese matched in spectra, Mr on SDS/PAGE and midpoint redox potential the cytochrome c-550 first isolated by Scholes et al. (1971) , sequenced by Timkovich et al. (1976) and Ambler et al. (1981) and further investigated by Bosma et al. (1987) (Fig. 3) . By using the haem-staining method after SDS/PAGE it was shown that the haem staining coincides with the protein band, and no free haem was observed (results not shown). This confirms that the haem is covalently bound to the protein. The visible-absorption spectra of the reduced and oxidized forms are shown in Fig. 4 . Cytochrome c peroxidase activity The cytochrome c peroxidases of Ps. aeruginosa, Pa. denitrificans and S. cerevisiae were tested for activity with Ps.
aeruginosa cytochrome c-551, Pa. denitrificans cytochrome c-550
and S. cerevisiae iso-l-cytochrome c as electron donors (Fig. 5) .
We have presented the data in a qualitative form because the kinetics of the Pa. denitrificans enzyme were complex and have not been fully investigated. The enzyme appeared to lose activity rapidly at high dilutions in the assay mix. 
DISCUSSION Cellular location
An important integrating proposal in cytochrome c research has been that of Wood (1983) , in which c-type cytochromes are proposed to be periplasmic in location in Gram-negative bacteria. A considerable body of evidence deriving from two sources now supports this idea (Ferguson, 1988; Pettigrew & Moore, 1987) . The first is the demonstration that signal-peptide sequences are encoded in cytochrome c genes, implying that the protein products are secreted from the cell; the second is spheroplast studies, in which the periplasmic contents are released while maintaining cytoplasmic integrity. Cytochrome c peroxidase would certainly be expected to be periplasmic on this basis, since not only is it a c-type cytochrome itself but it reacts with a cytochrome c donor. However, direct evidence has been lacking.
We show here that the cytochrome c peroxidases from Ps. stutzeri 9721 and Pa. denitrificans 8944 are periplasmic enzymes. Thus, with the location of catalase in the cytoplasm (Table 1) , the catalase-positive cell has the means of H202 removal from both the periplasmic and cytoplasmic cellular compartments, so diminishing the risk of peroxide-induced damage.
At an early stage in this investigation we examined the location of the better-known cytochrome c peroxidase from Ps. aeruginosa. We obtained erratic results, but in several experiments the peroxidase seemed to be present in the cytoplasm. Such a location was also suggested by Wood (1978) on the basis of preliminary spheroplast studies. We think that this illustrates a potential problem with the spheroplast method that can lead to wrong conclusions. Ps. aeruginosa seems to be weakened by the lysozyme and EDTA treatment but not sufficiently to release all its periplasmic and peripheral-membrane components. Only at the lysis stage are these components released and are therefore identified as cytoplasmic in location. Such effects may explain why Ellfolk and co-workers originally considered tUe enzyme to be membrane-associated and used acetone-dried powders to allow efficient extraction (Ellfolk & Soininen, 1970) . Whatever the reason for this delayed release in a spheroplast experiment, Ps. stutzeri poses less of a problem in this respect. The results of Fig. l(a) demonstrate that there is no haem c-containing protein in the cytoplasm with the same electrophoretic mobility as the peroxidase. The small haem-staining bands present in the cytoplasmic fraction are consistent with a low level of membrane contamination
The situation is less clear-cut for Pa. denitrificans. A sizeable Vol. 271 band of similar mobility to the peroxidase is present in the cytoplasm and also in the membrane fraction. However, there is very little peroxidase activity associated with the cytoplasmic fraction (although this may be difficult to measure if the cytoplasmic catalase is very active), and we have been unable to measure the enzyme activity in the membrane fraction. Thus it is uncertain whether the cytoplasmic and membrane material in question is peroxidase or some other c-type cytochrome that happens to possess the same electrophoretic mobility. The question as to whether the peroxidase is a peripheral-membrane protein or exists free in the periplasm may be an important one from the point of view of its interaction with the electron-transfer system, as discussed below.
Properties of the bacterial cytochrome c peroxidases
The identification of a cytochrome c peroxidase in Pa. denitrificans is novel, but the enzyme as a c-type cytochrome has been detected by other workers (Husain & Davidson, 1986; Bosma et al., 1987) . Bosma et al. (1987) The spectra of the Pa. denitrificans enzyme (Fig. 4) show the characteristic features of the Ps. aeruginosa cytochrome c peroxidase (Ellfolk et al., 1983) , namely Soret bands that do not cross at the Soret (oxidized) maximum, an a-peak at 555-557 nm with a shoulder at the short-wavelength side, and the presence of a weak high-spin band near 630 nm. These features are also present in the spectra of the Ps. stutzeri enzyme partially purified in the present paper (results not shown) and the Ps. stutzeri enzyme found in A.T.C.C. 11607 studied by Villalain et al. (1984) . Other cytochromes c that may be members of this spectroscopic group but that have not yet been tested for peroxidase activity are the cytochrome c-557(551) from Alcaligenes faecalis (Iwasaki & Matsubara, 1971 ) and the cytochrome c-549,554 of Nitrobacter agilis (Chaudhry et al., 1981) .
The Mr value (39000) derived for the Ps. aeruginosa enzyme from its relative mobility on SDS/PAGE is considerably higher than the formula weight of the amino acid sequence (Mr 33 690; R6nnberg et al., 1989) . This effect was noted previously (Soininen et al., 1973; Singh & Wharton 1973), and R6nnberg et al. (1989) suggested that the two covalently bound haem groups perturb the hydrodynamic shape of the protein in SDS so that it is anomalously hindered by the gel. However, we have found that removal of the haem groups with HgCl2 (Ambler & Wynn, 1973) slightly decreases the electrophoretic mobility of the protein in SDS (results not shown). This effect is also seen for the Pa. denitrificans enzyme (Fig. 3) . Thus the anomalous electrophoretic mobility of Ps. aeruginosa cytochrome c peroxidase in SDS cannot be accounted for by the presence of the haem groups and must arise from some atypical feature of the polypeptide chain itself.
The reactivity of both enzymes of course requires a much more complete investigation with respect to cytochrome c concentration, ionic strength and pH. However, under the limited conditions at present employed, the Pa. denitrificans enzyme reacts best with the cytochrome c-550 from the same source, strongly suggesting that this is the physiological donor. In this connection it is noteworthy that Berry & Trumpower (1985) have shown that a quinol oxidase, which contains the bc, complex, 
